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Abstract 
The last 20 years have presented a favorable scenario for the incorporation of renewable energy sources into the 
energy matrix of developing countries. This situation promoted grid connected photovoltaic generation systems 
(GCPVS) to become one of the main protagonists in this new concept of energy matrix. In some developing countries 
the use of such systems is in its beginning. Promotion policies and technical as well as regulatory conditions for their 
installation have just started to be defined. In this context, there exists in Argentina a legal and regulatory framework 
for the implementation of large photovoltaic plants but there is a lack of such legal framework for distributed 
generation (DG) by means of grid connected photovoltaic into the medium and low voltage distribution networks. 
This situation led research centers, together with private and provincial Energy Agencies to install pilot systems in 
order to identify and characterize their impact on the low voltage distribution network, taking into account the local 
grid capacity and characteristics of each province. In this paper the implications of different degrees of penetration of 
solar photovoltaic power generation evaluated using technical parameters of the network is presented. A set of 
examples of residential users connected to a distribution substation in the city of Corrientes is analyzed by means of a 
simulation using real grid data with the incorporation of GCPVS generation. The simulation results show that both 
the level of penetration of GCPVS systems as well as location where these distributed energy sources should couple 
to the distribution grid must be carefully assessed to maximize the benefits of the inclusion of distributed generation 
in urban environments. 
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1. Introduction 
Developed countries present the highest capacity of grid connected photovoltaic systems due to 
promotion programs and policies such as financial incentives or fiscal credit that impulse its growth.  This 
initiative promoted the inclusion of photovoltaic generation into the power matrix and through its 
evolution was observed a decreasing in technology costs. These facts along with the increase in the cost of 
energy and feed-in-tariff programs (electrical tariff higher than conventional sources) changed the 
common preconception about economic viability leading to an equilibrium between conventional rates of 
energy and photovoltaic generation (energetic parity). 
The Latin America Situation is different, subsidiary policy to photovoltaic generation was aimed at 
covering basic energy needs in rural areas becoming thus the activity developed with major intensity in 
recent years [1] whereas option in grid connected systems gave theirs first steps in 2000 through 
experimental installations  in academic environments [2]. 
Nowadays, a new stage of photovoltaic solar energy is arising in Latin America driven by standards 
and policies of incentives which are mainly promoted and engaged by the governments. Moreover, 
present situation shows main countries in Latin America with incidence of solar radiation higher than that 
in countries which lead the market, have developed regulations and certain photovoltaic capacity installed, 
ergo, we are witnessing the birth of GCPVS in these countries,. 
Taking into account grid conditions in developing countries the growth of GCPVS requires evaluating 
in the most adequate way the insertion of decentralized photovoltaic generation in urban environments. 
In Argentina, as well as other developing countries, there is a big difference between energy stability 
and energy quality in relation to developed countries, and this fact is replicated in different zones country 
(great asymmetries between further zones and the central part of the country). Furthermore, Argentina 
presents some other special characteristics such as: the electric energy tariff is four times lower than that 
in Brazil and lower than that in most Latin American countries [3]; there exists a legal and regulatory 
framework for the implementation of large photovoltaic plants but there is a lack of the legal framework 
for distributed generation (DG) by grid connected photovoltaic into the medium and low voltage 
distribution networks. These conditions have led the Grupo en Energías Renovables of the Universidad 
Nacional del Nordeste (GER-UNNE), to study the implementation of GCPVS in a urban neighborhood in 
the city of Corrientes (Latitude 27ª 27ª S Longitude 58ª 49ª W). This study will serve as a basis for the 
analysis and evaluation of GCPVS implemented in other provinces of Argentina. 
1.1. Background 
The GER-UNNE was the first research group in Argentina to install GCPVS in a public institution. 
Results from analysis of this system and its interaction with the low voltage electric grid (analyzed since 
2009) have allowed the development of mathematical models to simulate different degrees of penetration 
of the solar photovoltaic generation distributed in the grid. The results of these simulations provide an 
insight on technical grid parameters such as electric losses, voltage levels and power factors [4]. 
1.2. Electric loads in the city of Corrientes 
Unlike most conventional generation technologies the GCPVS it is not a source capable to supply 
energy according to the demand profile of the user. When subject to certain conditions of irradiance and 
temperature the GCPVS operates efficiently delivering to the network all the generated power [5]. This 
generation capacity varies continuously along the day with weather conditions limiting the power that can 
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be installed in a given system of electric energy distribution [6]. In other words, such intermittence in 
generation limits the penetration level of GCPVS.  
Argentina, and particularly the city of Corrientes, has very important hydroelectric generation capacity 
[7] which gives an appropriate context to implement intermittent distributed generation in order to smooth 
out demand peaks. In this way, to estimate advantages of GCPVS in urban environments there is a need 
to evaluate the demand profile mainly at times where peaks are produced. For the case of Corrientes two 
well defined demand peaks are observable. Depending on the season of the year one of them appears 
between 10:00 and 17:00, and the other one between 19:00 and 24:00. However, in last years a peak in 
the demand near midday was noticed to have increased fact associated to a considerable growth in the 
installation of air conditioning systems (Figure 1). 
 
 
Fig. 1. Power demand profile in Corrientes for November 4 -2012 (plain line) and power generation profile of a GCPVS during 
one clear day (measured data – dotted line). Both curves are normalized to its maximum rate.  
2. Methodology to Evaluate the Inclusion of Distributed Generation in Electric Networks 
The electric energy supply in urban network comprises different stages, generation, transport, 
distribution and consumption or demand of energy (from industrial, residential and business user). 
Distributed generation (DG) may be tied in different points of the power system depending on its 
characteristics and capacity (Figure 2). 
To evaluate the operation conditions and the impact of introducing DG in a conventional electricity 
network some assumptions are made: the extension of the system is limited to the portion of interest (e.g. 
secondary distribution in a certain zone); the electric links with the other stages are assumed ideal 
(generation, transport and primary distribution); the set of elements of the system under study are 
modeled using Kirchoff`s laws and the rest of system is modeled through an equivalent Thevenin circuit. 
In order to assess the effects that appear in the distribution network when including DG with CGPVS a 
simulation algorithm linking mathematical models developed by different authors [9][10] [11]. The code 
was implemented under Matlab [8]. These mathematical models consist of different blocks or modules of 
data processing which represent the behavior of each element comprising a conventional distribution 
network and the photovoltaic systems attached to it. 
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Fig. 2. Electric diagram of a conventional electric network with DG 
2.1. Electric network  and  photovoltaic systems  
Characteristic parameters such as linear impedance, transformers parameters, etc., and demand 
variation in different network points must be known in order to simulate an electric energy distribution 
network. Therefore, the mathematical model is divided in two subsystems, one which represents the 
distribution grid (transformation, transmission lines, etc.) whose parameters can be considered constant, 
and the other subsystem representing the loads or demand. 
As for the load model, it was used that proposed by Yuan and Qian [12] represented mathematically by 
loads with values corresponding to the complex difference between demanded and generated power. 
The GCPVS comprises two electrically connected subsystems, the photovoltaic generator and the 
inverter. In order to reproduce their behavior both subsystems must be modeled separately. Ishaque et al 
[13] reviewed the mathematical models that represent the performance of PV cells and demonstrated, by 
comparison with experimental data, that the five-parameter model is suitable to reproduce the behavior of 
a photovoltaic cell. Rampinelli et al [11] developed mathematical models to evaluate the output power 
and the power factor of the energy injected by photovoltaic inverters in relation to the available power in 
the photovoltaic generator. These models take into account the conversion efficiency, the maximum 
power point tracking efficiency and the power factor variation imposed by the inverter. 
2.2. Network distribution model 
The optimal conditions for inclusion of DG into the electrical network was assessed by modeling the 
power distribution system of Corrientes considering different points of interconnection. 
The distribution power system modeled corresponds to a radial primary distribution network of 
380/220 V which includes a sub-station MT/LT of 200 kVA (XF), 13.2/0.38 kV. A main supply 
conductor connects the substation with the main electric switch box of the Facultad de Ciencias Exactas 
(FaCENA-UNNE) with another similar supply conductor connecting four bordering blocks (Figure 3). 
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Fig. 3. Unifilar diagram of distribution system modeled. 
 
Figure 3 shows the schematic design of the system that was used for the simulation. Inside the 
substation there is a main power pole onto which each of the power consumption nodes (N1, N2, N3, N4, 
N5) are connected. Each node in the figure admits the connection of a photovoltaic system. The four 
nodes (N1, N2, N3, N4) represent the feeding point for 15 residences (C1, C2, C3 y C4) and the fifth node 
(N5) is connected to the FaCENA building (C5) representing the electric demand of office facilities. 
Physical and electrical parameters of supply conductors are taken into account to determine line 
impedances used in the model.  
The system studied presents special interest since it has two well differentiated profiles of 
consumption, an office center consumption profile of (Fig. 4 (a)) and a residential demand profile (Fig. 4 
(b)). The first one presents a demand associated to the local lighting and a maximum or peak of demand 
between 9:00 and 14:00 hours due computer systems and air conditioning systems. On the contrary, the 
residential demand profile exhibits two peaks, one between 14:00 and 17:00 hours and the other between 
19:00 and 24:00 hours. The first peak is due to the air conditioning systems and the second peak to the 
combined load of air conditioning systems and illumination systems. 
The residential consumption pattern used in the simulations is presented in fig. 4(b) with a maximum 
peak of demand of 2 kVA. For offices a corresponding pattern demand was used (Fig. 4 (a)) with a 
maximum peak of demand of 105 kVA. Both graphs are normalized. 
 
(a)  
 
 
 
 
 
 
 
 
 
 
(b) 
Fig. 4. Profile of demand normalized to its maximum power for (a) an office center and (b) a house.  
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2.3. Model of photovoltaic systems employed 
Two kinds of GCPVS were modeled, one oriented to domestic installations the other oriented to 
offices facilities. for the residential case a single-phase system of 2,400 Wp is proposed with a 
consumption exceeding the photovoltaic power peak installed. On the other hand, for the case of offices 
facilities the penetration level was limited to 30% in relation to peak demand to limit effects produced in 
the electric system in case of over-generation of GCPVS. Hence, three 12,600 Wp single-phase systems 
were designed for the office center each comprising three subsystems of 4.200 Wp. The arrays are 
assumed to be conformed by Photon modules model PM050 with nominal power of 50 Wp. This brand 
and model is the same installed in the FACENA which was previously characterized and its parameters 
were determined by Bello et al. [14]. The five parameters model [10] was used to characterize the 
photovoltaic systems.  
The inverters selected for the simulation are SMA Sunny Boy with a power rating of 2,500 W and 
3,800 W. The mathematical model and parameters used for the simulation are those proposed by 
Rampinelli et al.[ 11].  
The Table 1 presents main characteristics of the photovoltaic modules and inverters used as well as the 
configuration of each photovoltaic array. 
The simulation was made for a typical day of summer analyzing six different scenarios: 
1. Distribution system without photovoltaic generation  
2. Distribution system with photovoltaic generation connected at every node of consumption 
(residences and offices) 
3. Distribution system with photovoltaic generation connected only at points of residential demand 
4. Distribution system with photovoltaic generation connected only at the offices facilities 
5. Distribution system with photovoltaic generation connected at the offices facilities and node N1 
and N4 of residential feeder (Fig. 3) 
6. Distribution system with photovoltaic generation connected at the offices facilities and node N3 
of residential feeder.  
 
Table 1. Electric parameters characteristics of GCPVS of 2400 Wp and 4200 Wp. 
 
PVGCS 2400 Wp 
 Inverter SMA Sunny Boy SB 2500  PV Photon modules PM050  
Electrical Specifications: Mahematical Model Specifications 
Pinom (W) 2380 ISC (A)  3,02 
Pimax (W) 2800 VOC (V) 21,5 
Ponom (W) 2200 NS  (-) 4 
Pomax (W) 2500 NP  (-) 12 
PVGCS 4200 Wp 
Inverter SMA Sunny Boy SB 3800  PV Photon modules PM050 
Electrical Specifications: Mahematical Model Specifications 
Pinom (W) 4040 ISC (A)  3,02 
Pimax (W) 4800 VOC (V) 21,5 
Ponom (W) 3800 NS  (-) 9 
Pomax (W) 3800 NP  (-) 28 
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where Pinom is the nominal input power, Pimax is the maximum input power Ponom is the nominal output 
power Pomax is the maximum output power, ISC short-circuit current , VOC open-circuit voltage, NS series 
cell numbers and NP parallel cell numbers. 
With the goal to evaluate advantages and disadvantages of each configuration the voltage profile at 
each node of the system and the profile of the variation in demand at the transformer substation were 
determined. This analysis allows evaluation the optimum distribution for the FV generators. The 
irradiance and cell temperature measured on the photovoltaic generator installed in FaCENA-UNNE were 
employed as input data in the model [15].  
3. Results 
The simulations were carried out using the models and load distribution described above accounting 
for the proposed scenarios, penetration level considered and connecting points of the GCPVS in the 
network. Figure 5 (a) presents the voltage profile for scenario 1 and figure 5(b) for scenario 2. In both 
plots the values are normalized to the nominal voltage of the grid (220V). The first scenario corresponds 
to the operation of the electric system without the inclusion of photovoltaic generation and the second 
scenario to the operation with maximum photovoltaic generation connected at every node of distribution 
system. 
 
(a) (b) 
Fig. 5. Voltage values in a summer day a) system without inclusion of distributed generation and b) system with maximum 
photovoltaic generation connected at every distribution node. 
 
The voltage variation across the system shows the overload to which distribution lines are subjected 
during certain hours of the day. Ideally, voltage levels should be as flat as possible over time. However, 
figure 5(a) shows two time intervals exhibiting considerable variations, one between 8:00 and 17:00 and 
another between 19:00 and 24:00 hours. On the other hand, the graphs in figure 5(b) show the voltage 
profiles when maximizing energy production with GCPVS becoming an undesirable scenario due to the 
impact associated with an excessive increase in voltage levels during periods of photovoltaic generation. 
The Figure 6 (a) presents the case of photovoltaic generation connected in all residential feeder nodes 
(scenario nº 3) and Figure 6 (b) presents the case of photovoltaic generation connected only to the office 
(scenario No. 4). We can observe a decrease in the distortion of the shape of the tension profile for the 
offices case. 
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(a) (b) 
Fig. 6. Voltage values in a summer day with photovoltaic generation a) connected at every node of residential feeder, scenario 
nº 3, and b) connected only at the offices, scenario nº 4. 
 
La Figura 7 (a) y Figura 7 (b) por su parte, presentan los perfiles de tensión para el escenario n° 5 y n° 
6 respectivamente, es decir, cuando se acoplan SFCR al centro de oficinas y cuando existe una 
penetración parcial de sistemas FV en el barrio residencial. Para el primer caso, los perfiles de tensión 
cercanos a la punta de la línea (punto de consumo más alejado de la subestación transformadora) sufren 
un aumento en la distorsión, sin embargo, en el segundo caso esta distorsión disminuye cuando se 
conectan SFCR en un punto intermedio del alimentador residencial. 
In figures 7(a) and 7(b) the voltage profiles for scenarios 5 and 6 are presented. For scenario 5, with 
the GCPVS connected to the offices node, the voltage profiles nearby the peak of the line (most distant 
point of consumption) increase its distortion. However, for scenario 6, with GCPVS connected to an 
intermediate node in the residential feeder, the distortion is less pronounced.  
 
(a) (b) 
Fig. 7. Voltage in a summer day for photovoltaic generation a) specified in stage n° 5 and b) in stage n° 6 
 
Figure 8 shows the profile of the apparent power demand at transformer substation for each scenario 
analyzed. As in any power system the aim is to smooth out the demand profile it becomes clear from the 
graphs that scenarios 4 and 6 are the most suitable to achieve it. 
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Fig. 8. Profile of the apparent power demand at transformer substation for each scenario analyzed 
 
The Figure 9 presents the power factor variation profiles for each scenario analyzed. As it can be 
observed from the graphs the contribution of GCPVS in scenarios 4 and 5 show improved power factor 
for the distribution system 
 
 
Fig. 9. Power factor variation profiles of for each scenario analyzed. 
4. Conclusions 
Mathematical models of urban electrical network and the components of GCPVS were coupled and 
have been implemented on a computational environment (Matlab 2010). This computational tool allows a 
preliminary evaluation of the impact produced by the inclusion of PV generation into conventional energy 
distribution network in the city of Corrientes. Simulation conditions were clear sky day, different 
connection nodes and penetration levels. This tool may be used to assess the optimum conditions for the 
connection of GCPVS taking into account different consumption profiles and providing as outputs the 
temporal distribution of voltages in each node of the power network, distribution of currents in power 
lines, the energy supplied to each user, demand of active and reactive power for each user as well as 
power factor at each point of the power network analyzed. The simulation results of a real case in the city 
of Corrientes, Argentina, show that both penetration levels of GCPVS in the power network and 
interconnection points must be evaluated to avoid detriment in the quality of service of energy supply. 
The analysis puts into evidence that for electric networks with similar characteristics to those used in the 
simulations it is more appropriate to install the GCPVS near the user presenting a demand profile similar 
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to that of the office center. However, improvements are reached if the GCPVS are connected near load 
centers of residential feeder. From the results it is possible to conclude that for successful inclusion of 
photovoltaic technology in these countries it is necessary a study incorporating the condition of the 
distribution grids and installed generation capacities. This study will serve as basis for the analysis and 
evaluation of GCPVS implemented in provinces of Argentina.  
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